OBJECTIVE-We sought to determine whether childbearing increases incidence of type 2 diabetes after accounting for preconception glycemia and gestational glucose intolerance.
CONCLUSIONS-Childbearing did not elevate diabetes incidence among those with normal glucose tolerance during pregnancy (without GDM). GDM conferred the highest risk of developing diabetes independent of family history of diabetes and preconception glycemia and obesity. Diabetes 56:2990-2996, 2007 E vidence that childbearing is associated with future development of type 2 diabetes in women remains conflicting (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Both nulliparity and multiparity have been associated with higher fasting glucose and insulin levels independent of body size among nondiabetic women (6 -8,13,14) . In early crosssectional and retrospective studies, grand multiparity (five or more births) was associated with higher rates of diabetes in women aged Ͼ45 years, unadjusted for age, body size, or socioeconomic status (1, 2) . In later population-based cross-sectional studies controlling for age, obesity, and socioeconomic status, the association between lifetime parity and prevalent diabetes was direct in three (9 -11) and null in three (3, 4, 6) . Two studies of indigenous groups with high rates of type 2 diabetes reported inverse associations (8, 12) . In a prospective study of 113,000 white women aged 30 -55 years, the direct association between lifetime parity and incidence of self-reported diabetes was abolished after adjustment for age and obesity, with minimal confounding by family history of diabetes (5) .
Two limitations of all studies are that preconception glycemia was not measured and prevalence of glucose intolerance during pregnancy was unknown. Women who develop gestational diabetes mellitus (GDM) have an elevated risk of developing type 2 diabetes (15) (16) (17) (18) , with subsequent weight gain and pregnancies apparently contributing to future risk (18) . Residual confounding by GDM status and preconception hyperglycemia would tend to overestimate the association. Conversely, obesity, insulin resistance, and/or polycystic ovarian syndrome may cause infertility (i.e., nulliparity), which would tend to underestimate the association.
Conflicting evidence for an association between childbearing and development of diabetes may result from several factors. First, temporality of diabetes onset relative to pregnancy cannot be ascertained from previous studies, whether cross-sectional or prospective in design, because preconception glycemia had not been measured to rule out overt diabetes before pregnancy. Second, overweight status, which is in the causal pathway to type 2 diabetes and is twice as likely after a first birth compared with no births (19) , was ascertained subsequent to childbearing years in the majority of subjects. Last, GDM status was not available in previous studies, except one that excluded women with GDM (5), because universal screening was not performed until the mid-1980s.
We prospectively investigated the natural course of childbearing in a biracial (black and white), populationbased cohort of 2,408 U.S. women aged 18 -30 years who were free of diabetes and normoglycemic at baseline in 1985-1986 and had measurements of fasting glycemia and/or glucose tolerance during 20 years of follow-up. We estimated population-based incidence rates (IRs) of type 2 diabetes across interim birth groups by GDM status and parity at baseline. The study sought to determine whether having one or more births versus none was associated with higher incidence of type 2 diabetes independent of family history of diabetes, race, preconception (baseline) fasting glycemia, obesity, age, sociodemographic and behavioral attributes, and GDM status. Finally, we assessed whether changes in physical activity and weight attenuated the associations.
RESEARCH DESIGN AND METHODS
The Coronary Artery Risk Development in Young Adults (CARDIA) Study is a multicenter, observational, population-based, longitudinal cohort study designed to describe the development of risk for coronary heart disease in young black and white men and women (20, 21) . Participants were recruited from four geographic areas: Birmingham, Alabama; Chicago, Illinois; Minneapolis, Minnesota; and Oakland, California. In 1985-1986, 5,115 subjects (2,787 women; 53% black) aged 18 -30 years were enrolled. Retention rates were 86, 81, 79, 74, and 72% of the surviving cohort at 5, 7, 10, 15, and 20 years after baseline, respectively (22, 23) . Sample selection criteria. Of 2,787 women, we excluded those at baseline who had type 1 or type 2 diabetes and/or fasting plasma glucose (FPG) Ն126 mg/dl (n ϭ 41), had a hysterectomy or removal of both ovaries (n ϭ 24), were currently pregnant (n ϭ 7), or were missing FPG, sociodemographic, or behavioral covariates (n ϭ 127). We also excluded women who had not attended at least one follow-up exam (n ϭ 180) in years 5, 7, 10, 15, or 20. Women excluded were more likely to be smokers, unmarried, less educated, and of black race and to have a higher BMI than the analytic sample of 2,408 women (1,226 black and 1,182 white; 86% of the original cohort). FPG measurements were obtained at baseline and follow-up at years 7, 10, 15, and 20. For the five exams, FPG measurements were available for 1,083 (45%) subjects for all five exams, 613 (25%) for four exams, 367 (15%) for three exams, and 227 (9%) for two exams. Institutional review boards at each participating study center approved the study. Written informed consent was obtained from subjects for all study procedures. Data collection methods. Participants were asked to fast for at least 8 h before each examination, and fasting blood samples were drawn in the morning (24) . Procedures followed in collection and storage of plasma samples and laboratory quality control procedures have previously been reported in detail (24) . FPG was determined at Linco Research using the hexokinase-ultraviolet method (25) . Definition of cases of incident diabetes. Incident cases of diabetes after baseline were identified by elevated FPG levels in years 7, 10, 15, or 20 and current use of diabetes medications (insulin or oral hypoglycemics) or self-report of diabetes outside of pregnancy in years 5, 7, 10, 15, or 20. We administered 2-h 75-g oral glucose tolerance tests to 1,229 and 1,398 women in years 10 and 20, respectively. We defined incident diabetes cases by 1997 American Diabetes Association criteria (26) as FPG Ն126 mg/dl and/or 2-h plasma glucose Ն200 mg/dl after a 75-g oral glucose load. FPG levels became elevated (Ն126 mg/dl) for 101 women during the 20-year follow-up period. Fifteen women had abnormal 2-h post-glucose load tests in year 10 and 31 women in year 20. For diabetes cases identified by self-report only (also reporting a pregnancy with diabetes since the previous exam), we conservatively classified their pregnancies as without GDM (n ϭ 9) because we could not determine whether diagnosis of diabetes had occurred before or after these pregnancies.
Incident diabetes cases identified among nonpregnant women were primarily type 2 diabetes based on the epidemiology of diabetes. Of 269 women currently pregnant or lactating at one or more follow-up exams, only one, who was lactating at year 7, was classified as an incident diabetes case (FPG 297 mg/dl). Otherwise, 223 (83%) attended at least one subsequent exam in the nonpregnant or nonlactating state with all FPG values Ͻ126 mg/dl (range 57-112 mg/dl). Among women with and without subsequent exams in the nonpregnant or nonlactating state, the percentages with GDM were similar (10.8 vs. 10.9%, respectively). Baseline parity and time-dependent interim birth groups by GDM status. Participants were asked at each exam about whether they were currently pregnant or breastfeeding and about number of pregnancies, including abortions, miscarriages, and live or stillbirths; the duration of each gestation; and the dates of deliveries. We classified pregnancies ending in miscarriages, abortions, and/or those Ͻ20 weeks' gestation as pregnancy losses and those Ն20 weeks' as interim births. The number of interim births was defined as the cumulative number of births since baseline within each specific time interval ending in years 5, 7, 10, 15, and 20. At each exam, women were asked whether they ever had diabetes and whether they only had diabetes during their pregnancies. In year 10, women reported whether they had diabetes during each previous pregnancy (before and after baseline).
Parity groups at baseline were defined as nulliparous (no live births Ͼ20 weeks' gestation) and parous (one or more live births Ͼ20 weeks' gestation) before baseline. We classified women into time-dependent interim birth groups-no births and one or more interim births-and by ever having a birth with GDM. Women transitioned from the baseline parity groups (nulliparous or parous) through each specific time interval into interim birth groups. A change from having none to one or more interim births was maintained through the end of follow-up. GDM status was maintained for future time intervals regardless of whether there was a subsequent birth with GDM.
Interim birth groups irrespective of baseline parity include the following: having no interim births without GDM, no interim births with GDM (before baseline), one or more interim births without GDM, or one or more interim births with GDM. We further subdivided these groups by baseline parity (Fig.  1 ). Nulliparas transitioned within three groups: having no interim births (referent), one or more interim births without GDM, and one or more interim births with GDM. Women parous at baseline transitioned within two groups: those with zero or one or more interim births without GDM and those with zero or one or more interim births with GDM. We combined those with zero and one or more interim births for women parous at baseline because diabetes incidence rates were similar.
We validated self-report of GDM among 165 women for whom laboratory data were abstracted from medical records for 200 births between baseline and year 10. Sensitivity for classification as ever having GDM was 100% (20 of 20) , and specificity was 92% (134 of 145). Definition of family history of diabetes. Positive family history of diabetes was defined as report of one or more first-degree relatives (i.e., father, mother, or siblings) with diabetes at one or more exams in years 0, 5, and 10. The variable was fixed and covered any family history of diabetes during followup. Other covariates. Certified technicians obtained weight, height, and waist circumference (waist girth) measurements according to a standardized protocol (27) . Body weight was measured to the nearest 0.2 kg using a calibrated balance-beam scale in participants wearing light clothing. Height (without shoes) was measured to the nearest 0.5 cm using a vertical ruler. Waist circumference was measured to the nearest 0.5 cm at the minimal abdominal girth (28) . BMI was calculated as weight in kilograms divided by the square of height in meters (29) .
Sociodemographic and behavioral data (medication use, alcohol intake [milliliters per day], cigarette smoking, education, employment status, marital status, oral contraceptive use, and physical activity) were collected at each exam using self-and interviewer-administered questionnaires. We categorized variables as follows: smoking (never, former, or current), years of education (Յ12, 13-15, or Ն16), marital status (never married, widowed, divorced or separated, or married), employment (full-time, part-time, or not employed outside the home), oral conceptive use (never, past, or current), and alcohol intake (0, 1-15, 15-30, and Ͼ30 ml/day). Assessments of daily physical activity were obtained using the interviewer-administered CARDIA Physical Activity History assessment at each exam (30) . Physical activity scores were divided into quartiles because of skewedness of the data (data not shown). Dietary intake during the previous month was assessed using the CARDIA Dietary History assessment, administered by a trained interviewer at baseline (31) . We examined daily dietary intakes of energy (kilojoules per day); total fat, protein, and carbohydrate (percentages of kilocalories) and total fiber (grams per day per 100 kilocalories). Statistical methods. Preliminary analyses involved description of race and baseline and follow-up characteristics by diabetes case status. Baseline characteristics included age, parity, FPG, BMI, height, waist girth, dietary intake (grams fiber per day per 100 kilocalories, percentage of kilocalories in carbohydrates, and percentage of kilocalories in fat), alcohol intake, cigarette smoking, education, marital status, employment status, physical activity, and oral conceptive use. Follow-up characteristics included family history of diabetes and GDM status.
2 tests were used to assess associations of diabetes case status across categories of race, sociodemographics, behaviors, family history of diabetes, and GDM status. Multiple linear regression methods (ANOVA) were used to assess baseline differences in continuous variables among interim birth groups by diabetes case status. P values were obtained from two-sided tests (significance Ͻ0.05). Wilcoxon's rank-sum test was used to assess differences in alcohol intake categories and physical activity quartiles.
We calculated the cumulative incidence of diabetes within each time interval (0 -5, Ͼ5-7, Ͼ7-10, Ͼ10 -15, and Ͼ15-20 years) by dividing new cases of diabetes during each interval by the number of women at risk of diabetes at the end of the interval. We estimated the crude IRs and 95% CIs by dividing new cases of diabetes by the person-time for individuals observed. IRs for interim birth groups were stratified by baseline parity groups and family history of diabetes.
Because diabetes status was only determined at the CARDIA exams, the exact time of diabetes onset for a woman free of diabetes and diagnosed at a subsequent exam is unknown. We accounted for interval-censored data using the method of Prentice and Gloeckler (32) to provide point and interval estimates of the relative hazard (RH) of diabetes associated with exposure. These estimates were obtained in the context of a generalized linear model for binary outcome, with a complementary log-log link function. Relative hazard ratios for incidence of diabetes were estimated for time-dependent interim birth groups, with nulliparas as the referent group.
We estimated RHs for interim birth groups from multivariate models. We examined potential confounders, race, age, study center, baseline covariates (BMI, FPG, waist girth, behavioral, and sociodemographic), and family history of diabetes. We also examined pregnancy losses, smoking, and oral conceptive use as time-dependent potential confounders. Covariates were introduced into the regression models in specified order by type of potential confounder-biological, sociodemographic, or behavioral-based on a priori hypotheses. We examined race, BMI, family history of diabetes, and smoking as effect modifiers in the association between interim births and incidence of diabetes through introduction of corresponding cross-product terms. Potential mediators of this association (changes in weight, waist girth, and physical activity from baseline to the end of follow-up) were also examined.
From these analyses, multivariate-adjusted models were formed by forward stepwise addition of covariates. We added family history of diabetes, baseline FPG, and then race, age, and baseline BMI. The fully adjusted model included these covariates plus baseline education, smoking, and physical activity. In subsequent models, we separately added time-dependent changes in physical activity, weight gain, and waist girth.
RESULTS
Among 2,408 women in our sample followed for 42,782 person-years, we identified 193 incident cases of diabetes, yielding an IR of 4.5/1,000 person-years. Among incident cases, 39 were ascertained by self-report only, 43 by diabetes medication use with or without diabetes selfreport, and 111 by FPG Ն126 mg/dl and/or a 2-h plasma glucose Ն 200 mg/dl after a 75-g oral glucose load. Incident diabetes cases (Table 1) were characterized by black race, family history of diabetes, and GDM. At baseline, diabetes case subjects were less educated and had higher parity, BMI, FPG, and waist girth. Moreover, they also consumed more energy from carbohydrate and less alcohol and were less physically active.
In our sample, 1,218 women (50% black and 50% white) had one or more interim births, and 149 (12%) had at least one birth with GDM. Of the 193 diabetes cases, 84 (44%) had one or more interim births. Time from last birth until the end of follow-up averaged 119 months (range 3.9 -240) for diabetes case subjects vs. 123 months (2.5-236) for noncase subjects. Among nulliparas at baseline, crude IRs per 1,000 person-years were 3.2 (95% CI 2.4 -4.1) for those with no births, 2.9 (1.8 -3.9) for one or more births without GDM, and 18.4 (10.9 -25.9) for one or more births with GDM. Among paras at baseline, IRs were 4.9 (3.8 -6.1) for those with zero or one or more births without GDM and 17.9 (10.0 -25.8) for zero or one or more births with GDM.
Incidence of diabetes increased across all interim birth groups during 20 years ( Table 2 ). The largest number of cases occurred between years 15 and 20 compared with earlier intervals. Cumulative incidence of diabetes among individuals at risk in these intervals ranged from 0.2 to 6.2% for no births without GDM, 4.2 to 38.5% for having no births with GDM (before baseline), 0 to 3.4% for one or more births without GDM, and 0 to 16.8% for one or more births with GDM.
FIG. 1. Description of transitions from baseline panty groups into the interim birth groups during follow-up. Figure shows possible sequences of joint parity and GDM status (ignoring which exam transition).
In terms of sequential states, the only allowable transitions are from state 1 to state 2 and from state 2 to state 3. State 1 is always at baseline, states 2 and 3 always during follow-up. Each transition can occur at any examination, except that GDM is an absorbing state (always henceforth classified as GDM after first having had it, even though a subsequent birth might be free of GDM) and nulliparous or no interim birth does not allow GDM.
We examined the crude IR of diabetes for interim birth groups by family history of diabetes and parity at baseline (Table 3) . Rates are similar for women nulliparous and parous at baseline by family history of diabetes and GDM status. The rates were lowest for nulliparas with one or more interim births without GDM and no family history of diabetes, intermediate for those with one or more interim births without GDM and a family history of diabetes, and highest for those with one or more interim births with GDM and a family history of diabetes. Crude IRs were 20/1,000 person-years among women with only one GDM birth and 18/1,000 person-years among women with one or more births before or subsequent to a GDM birth.
RHs for diabetes were highest among women who ever had a GDM pregnancy whether before baseline or in an interim birth (Table 4) . Adjustment for family history of diabetes attenuated RHs of diabetes among interim birth groups. Inclusion of baseline FPG minimally attenuated the RHs. Control for confounding by race, age, and baseline BMI moderately strengthened RHs of diabetes to 3.5 among nulliparas at baseline who had one or more interim births with GDM. In the fully adjusted model, compared with those who had no interim births, diabetes risk was nearly fourfold higher among nulliparas at baseline who had one or more interim births with GDM. Having one or more interim births without GDM was not associated with risk of diabetes. Among women parous at baseline, fully adjusted RHs for diabetes was similar to those among nulliparas at baseline, although weaker; diabetes risk was about threefold higher for those ever having a birth with GDM (zero or one or more interim births with GDM) and not associated with having zero or one or more interim births for those without GDM. Exclusion of 39 incident diabetes cases identified by self-report only strengthened associations in nulliparas at baseline; RH for diabetes was 5.1 (95 CI% 2.9 -9.1) for having one or more births with GDM and 1.0 (0.6 -1.6) for one or more births without GDM compared with no births.
There was no evidence of effect modification by race, BMI, smoking, or family history of diabetes in the association of interim births and incidence of diabetes (all interaction P values Ͼ0.30). Family history of diabetes conferred a more than twofold higher risk of diabetes (RH 2.4 [95% CI 1.8 -3.2]) independent of number of interim births and other covariates.
Compared with women with no births, having one or more births resulted in greater weight gain (P Ͻ 0.05) and increased waist girth (P Ͻ 0.001). Mean Ϯ SD weight gain was 12.9 Ϯ 14.1, 14.3 Ϯ 13.5, and 15.9 Ϯ 13.1 kg and waist girth increase was 11.9 Ϯ 11.4, 14.0 Ϯ 10.8, and 16.4 Ϯ 9.8 cm among women having no interim births, one or more interim births without GDM, and one or more interim births with GDM, respectively. Despite the greater weight gain and waist girth increase in women who gave birth, controlling for changes in body weight had minimal impact, while adding increased waist girth modestly attenuated the associations among nulliparas at baseline. Change in physical activity added separately to these models had little influence on RH for diabetes.
DISCUSSION
Key strengths of this prospective study are the verification that women were free of diabetes at baseline based on actual measurements of FPG, as well as the collection of multiple FPG measurements at 3-to 7-year intervals and 2-h oral glucose tolerance test results 10 and 20 years later to identify incident cases of diabetes. Moreover, these same measurements were available for a referent group of nulliparous women during the same interval. Finally, we validated GDM status and examined risks for this group separately. Our study overcomes weaknesses of previous studies that may have led to inconsistent findings (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) by controlling for preconception glycemia and obesity, preserving the temporality of pregnancy and diabetes, and estimating the risks separately for women with and without gestational diabetes. Our findings show that childbearing does not increase the incidence of diabetes as long as women never developed GDM; their risk was similar to that for nulliparous women. In fact, the trend was for a nonsignificant lower risk of diabetes among ever-parous women compared with women remaining nulliparous, which moved closer to 1 after adjustment for BMI, age and race. A small subset of nulliparas may have infertility secondary to insulin resistance and obesity, which could explain why the risk was slightly higher in this group. In a prior prospective study, the Nurses' Health Study, BMI was primarily measured subsequent to childbearing years (5), which may have underestimated the association by ignoring the excess risk of overweight due to childbearing.
Second, having one or more GDM pregnancies conferred a fourfold higher risk of developing diabetes independent of preconception fasting glycemia, family history of diabetes, and other risk factors. The IR of diabetes was 300% higher for women with previous GDM compared with that for nulliparas or women who had one or more births without GDM. The validity of our estimates is strongest for primiparas during our study years because FPG levels helped rule out diabetes before pregnancies and preserved the temporality of the exposure (pregnancy) before specific risk factor changes and disease onset. Our study also found that development of diabetes was associated with increased central obesity, especially among women who reported GDM for an interim birth. Decreased physical activity and higher weight gain had a minimal impact on risk.
Healthy pregnancy is a temporary, diabetogenic state wherein hyperinsulinemia shifts fuel metabolism toward accentuated excursions in pre-and postprandial glycemia. Gestational hormones promote insulin resistance and pancreatic ␤-cell proliferation to achieve the 1.5 times higher insulin secretion needed to maintain maternal euglycemia (33, 34) . Failure of ␤-cells to meet the greater demands for insulin production results in gestational glucose intolerance. Usually, the metabolic profile returns to the normal preconception state shortly after delivery. In earlier studies of women unscreened for GDM, multiparas (five or more births) had higher plasma glucose and insulin levels and prevalence of diabetes. This evidence raised the possibility that repeated pregnancies had lasting adverse effects on glucose tolerance apart from obesity (6 -8,13,14) and that ␤-cell function deteriorated to a threshold level, with intermittent demands for greater insulin production (11) . In our cohort, among 40 (3%) women with four or more births within the 20-year period, 1 developed diabetes.
Women with a history of GDM comprise a high-risk group for future development of primarily type 2 diabetes. Based on current diagnostic criteria (26), it is estimated that 5-10% of women will be diagnosed with type 2 diabetes within 6 months of GDM delivery and that another 10 -15% will develop type 2 diabetes within the subsequent 1-2 years (35) (36) (37) (38) (39) (40) (41) . Among women with previous GDM, having a subsequent birth was associated with a threefold greater risk of developing type 2 diabetes, independent of weight gain in one study (18) but not another (42) . Our sample of women with GDM and subsequent births was too small to adequately assess the association with number of births.
Limitations of our study include diabetes cases identified by a single elevated fasting and/or 2-h post-glucose load test result, 39 diabetes cases by self-report only, GDM pregnancies by self-report, and the variable time period from exams to conception. Although our study lacked prospective data on infertility, we controlled for family history of diabetes and baseline fasting glycemia to reduce confounding from nulliparity due to infertility. Infertility cases due to associated diagnoses (e.g., obesity, insulin resistance) are likely to be few and would bias our results toward the null.
Strengths of our study that enhance the validity of our findings are the high cohort retention rate over 20 years of follow-up (72%), the availability of FPG at baseline for 100% of subjects, and at least three measurements after baseline (3-to 7-year intervals) for 86% of the analytic sample. Thus, women in our cohort were likely to be free of diabetes before conception. Other strengths are measurements of preconception obesity and a variety of sociodemographic and behavioral attributes to examine potential confounding. We conclude that pregnancy does not have an adverse impact on women's future risk of diabetes, despite greater gains in overall and central adiposity (43) . The fourfold higher risk of diabetes for an interim birth with GDM did not vary by family history of diabetes. Our findings provide evidence that pregnancy in which GDM develops may unmask a predisposition to develop type 2 diabetes after delivery rather than cause type 2 diabetes. However, we cannot completely rule out the possibility that pregnancy hastens development of type 2 diabetes. Underlying defects in glucose homeostasis are likely to contribute to GDM, the strongest predictor of future diabetes among women of childbearing age. Identification of risk profiles for women who are most susceptible to the physiological stress of pregnancy may guide development of screening protocols to target preconception, prenatal, and postpartum interventions in high-risk groups to prevent diabetes. TABLE 4 Unadjusted and multivariable-adjusted RH (95% CI) for diabetes among interim birth groups by GDM status and stratified by baseline parity groups 2.6 (1.5-4.5) Model 1 is adjusted for family history of diabetes; model 2 for family history of diabetes plus baseline FPG; model 3 for all of the above plus baseline BMI, age, and race; and model 4 (fully adjusted) for all of the above plus baseline covariates (education, smoking, and physical activity).
